Powdery encapsulation of shiitake flavors, extracted from dried shiitake, was investigated by spray drying. Flavor retention increased with an increase in drying air temperature and solid content, and decreased with an increase in dextrose equivalents of maltodextrin. A heat-treatment of the extract liquid made the lenthionine concentration increase, but did not influence the concentrations of the other flavors. The formation of lenthionine with heat-treatment could be described by the consecutive unimolecular-type first order reaction. Lenthionine content in a spray-dried powder prepared with the heated extracted liquid significantly increased.
Shiitake (Lethinus edodes) is an edible mushroom used as a flavorful food in far eastern countries including Japan and China. Cyclic sulfur compounds, including 1,2,3,5,6-pentathiepane (lenthionine), 1,2,4-trithiolane, and 1,2,4,5-tetrathiane, are important characteristic compounds in dried shiitake. Morita and Kobayashi 1, 2) reported that lenthionine has a strong shiitake aroma even in small quantities and an antibiotic activity against a number of microorganisms including many bacteria and fungi. Wada et al., 3) indicated that lenthionine was unstable when heated at 100 C in 10% alcohol solution for 1 h at a pH greater than 5.0. Yasumoto et al., 4) revealed that lenthionine was formed by a two-step enzymatic action with -glutamyl transpeptidase and cysteine sulfoxide (C-S) lyase from the non-volatile precursor ''lentinic acid''. Lentinic acid is first converted to des-glutamyl-lentinic acid by -glutamyl transpeptidase, which catalyzes a rate-limiting step in the sequence of the aroma formulation. The resultant cysteine sulfoxide is decomposed to pyruvic acid, ammonia, and thiolsulfinate by the catalysis of specific C-S lyase in Leninus edodes. The thiolsulfinate spontaneously degrades to cyclic polythiepanes including lenthionine with concomitant release of formaldehyde and acetaldehyde. Yasumoto et al., 4) also reported that the optimum temperature for the enzymatic evolution of lenthionine from lentinic acid is 37 C in their system. Iwami et al., 5, 6) demonstrated that the maximal activities of -glutamyl-p-nitroanilide was obtained at pH 7.6 and of C-S lyase in the pH range of 8 to 9. Chen and Ho 7) suggested that a pH of about 9.0 favored formation of these sulfur compounds.
Among many encapsulation techniques, spray drying is the most common method to produce flavor powders in a few seconds. However, since flavors are volatile and labile compounds that are prone to evaporation and degradation, it is quite important to protect from flavor loss during drying. Bandari et al., 8) and Rosenberg et al., 9) have studied the influence of process variables on the retention of flavors during spray drying. The main carriers used to encapsulate flavors for spray drying have been maltodextrin (MD), gum arabic, and modified starches. Goubet et al., 10) have discussed the retention of flavors by these carbohydrates from the point of view of their physicochemical interactions, indicating cyclodextrin (CD) to be a good candidate for an encapsulation carrier. Liu et al., 11) showed that a combined encapsulant of -CD and MD markedly prevented the loss of lmenthol during the drying of a droplet. In a previous study, 12) the use of the combined encapsulant of -CD and gum arabic during spray drying had good retention of d-limonene and methyl n-hexanoate, and -CD/MD powder also showed the better controllable release characteristics of ethyl n-hexanoate.
In this study, powdery encapsulation of shiitake flavor y To whom correspondence should be addressed. Tel: +81-857-31-5272; Fax: +81-857-31-0881; E-mail: yoshii@bio.tottori-u.ac.jp was investigated by spray drying. Since shiitake flavors are quite heat labile, it is important to investigate their retention during spray drying. The effects of the process variables on the flavor retention were investigated using MD. The effect of heat-treatment of the extracted shiitake liquid prior to spray drying was also investigated, in order to increase the content of sulfur compounds in the extracted liquid. The effects of the heat-treatment of the extracted liquid on the retention and the flavor content in the spray-dried powder were also examined. -, -, and -CD were applied as encapsulants of spray-dried powder. Furthermore, to obtain higher a flavor retention during spray drying, the effect of the combined encapsulant of -CD/MD on the retention was investigated with the heat-treated extracted liquid.
Materials and Methods
Materials. The water-extracted shiitake liquid was provided from Maruzen Pharmaceuticals Co., Ltd., (Onomichi, Japan). Maltodextrins of dextrose equivalent (DE) of 8, 11, or 25, were purchased from Matsutani Chemical Co., Ltd., (Itami, Japan). Reagent grade -, -, and -CD were obtained from Ensuiko Sugar Refining Co. (Yokohama, Japan). The other chemicals used were of reagent grade from Wako Pure Chemical Company (Osaka, Japan).
Preparation of spray-dried powder. MD or CD powder was weighed in a 500 ml glass beaker, and dissolved in the extracted shiitake liquid of a fixed concentration, followed by mixing with a magnetic stirrer for 1 h. The mixture was homogenized by a Polytron homogenizer (Kinematica GA, Littau) at 8000 rpm for 3 min, and used as the feed liquid of spray drying. When -CD10%/MD20% powder of the combined encapsulant was prepared, MD (DE = 25) powder was dissolved in the extracted liquid heated at 80 C for 10 min, and -CD powder was blended in the mixed solution to give a concentration of 10 wt% -CD and of 20 wt% MD on a wet basis. The mixture was subsequently homogenized by the Polytron homogenizer at 8000 rpm for 3 min, and used as the feed liquid of spray drying.
Spray drying of the feed liquid was done in a L-8 type spray dryer (Ohkawara Kakouki, Yokohama, Japan) equipped with a centrifugal atomizer. Thirty wt% of MD (DE = 25) solution or 10 wt% of -, -or -CD slurry was ordinarily used as the feed liquid of the spray drying, unless specified otherwise. The operational conditions of the spray drying were as follows: rotational speed of atomizer was 30,000 rpm, feed rate 45 ml/min, air flow rate 110 kg/h, and inlet and outlet air temperatures 160 C and 84-93 C unless otherwise noted. Other inlet air temperature was used 120, 200, and 240
C. In these case the outlet air temperature was 69-78, 119-123, and 144-152 C, respectively.
The finished powder was stored in a hermetically sealed bottle at À30 C until analysis. The storage did not affect the flavor content in the powder. To measure the flavor content in the spray-dried powders, 2 g of the powder were dissolved in a mixture of 1 ml chloroform and 6 ml distilled water. The mixture was mixed with a Vortex mixer at room temperature for 1 min. The flavors extracted in chloroform were measured by both a gas chromatography (GC-17A, Shimadzu) and a gas chromatography-mass spectrometry (Q-MASS910, Perkin Elmer) as described in the following. The retention of the shiitake flavors during spray drying was defined as the ratio of the flavor in the powder to the original flavor in the feed liquid.
Production and degradation of shiitake flavor by heat treatment. Five ml of the extracted liquid were heated in a water bath at constant temperature (50-90 C) for 0-30 min, followed by a rapid cooling in an ice bath. A liquid sample of 5 ml was taken out during heating, and was blended with 1 ml of chloroform, and mixed with a Vortex mixer at room temperature for 1 min to extract the shiitake flavors into chloroform. The flavors quantities in chloroform were analyzed by a gas chromatography and GC-MS as described below.
Analysis of shiitake flavors. The analysis of 1, 2, 4-trithiolane, 1, 2, 4, 5-tetrathiane and 1, 2, 3, 4-tetrathiane was undertaken using the gas chromatograph, equipped with a flame photometric detector (FPD) and a capillary column (J&W, DB-Wax, 30 m Â 0.32 mm , df 0.25 m). One ml of the sample extracted in chloroform was injected with a splitless injection mode. Thirty-six ppm of allyl isothiocyanate solution in chloroform was used as an external standard for measuring the shiitake flavors. The column temperature was programmed to rise from 50 C (2 min initial hold) to 250 C (10 min final hold) at the rate of 10 C/min. The analytical conditions were as follows: carrier gas was nitrogen at inlet pressure of 80 kPa, injector temperature 250 C, detector temperature 280 C. GC-MS equipped with a capillary column (J&W, DB-17, 30 m Â 0.25 mm , df 0.25 m) was used for analyzing lenthionine content. The temperature program for this column was the same as that used in the gas chromatograph as described above. The analytical conditions were as follows: the carrier gas was helium at an inlet pressure of 80 kPa, electron impact ionization was used with 70 eV of ionization voltage, electron multiplier voltage 1050 V, ion source temperature 230 C, injector temperature 250 C. For all injections, 1 l of the extracted sample was used in a splitless injection mode. Thirty-six ppm of allyl isothiocyanate solution in chloroform was used as an external standard for the shiitake flavors. Lenthionine was identified by comparison with mass spectra from an MS spectra library.
Because of a lack of standard samples of shiitake flavors, their concentrations were expressed as the relative flavor concentration. Their flavor concentrations were described with the ratio of an integrated intensity of gas chromatography or GC-MS to initial integrated flavor intensity.
Statistical analysis. The measurement of the flavor by gas chromatography was done in triplicate for each treatment. The average values were used for calculations and in the figures. The relative errors in measurement of the relative flavor content and flavor retention were less than 5% of the mean values for all spray-dried powders. The calculations and graphs were made using the computer program Microcal Origin 6.1 (Microcal Software Inc., Northampton, Mass., U.S.A.).
Results and Discussion
Retention of shiitake flavors during spray drying of extracted shiitake liquid
The effects of DE and solid content in the feed liquid on the retention of shiitake flavors during spray drying were investigated to obtain a high flavor content in the spray-dried powder. Figure 1 shows the effect of DE on the flavor retention. The retention of lenthionine increased markedly as DE was decreased. Goubet et al., 13) reported a similar result in the effect of DE on the flavor retention. Voilley and Simatos 14) explained that the greater retention observed with a high molecular weight carrier is due to the reduction of duffusivity of flavor during drying. Bangs and Reineccius 15) also explained that the formation rate of a dry crust at the surface of the carrier increase with an increase in molecular weight of the carrier. The retentions of the flavors except for lenthionine also were independent of DE value. Figure 2 shows the effect of solid content in feed liquid on the flavor retention. The solid content of MD in the feed liquid was varied between 30 to 50 wt% for this experiment. As reported by many authors, 16 ) the retentions of flavors markedly increased with an increase in solid content. Among the four main flavors in shiitake extracts, the retention of lenthionine greatly increased with an increase in solid content. However, little effect was observed on the retention of 1,2,4-trithiolane.
Since the shiitake flavors are volatile and heat-labile compounds, the drying air temperature is supposed to affect the retention. The atomized spray has a droplet diameter of 10 to 200 m, and a typical drying speed is 3 to 8 seconds. The average diameter of spray-dried powder was 20-40 m and water contents were about 5% in dry basis. The effect of the drying air temperature on the retention of the flavors was investigated by spray drying at various inlet air temperatures. As shown in Fig. 3 , the retentions of the flavors except for lenthionine were independent of the drying air temperature up to 200 C. However, for 1,2,4-trithiolane and 1,2,3,4-tetrathiane the retentions increased from 0.35 to 0.47 and 0.59 to 0.71, respectively, when the temperature increased to 240 C. The retention of lenthionine increased linearly as the inlet air temperature was increased.
Lenthionine is formed by a two-step enzymatic action with -glutamyl transpeptidase and C-S lyase from lentinic acid (Yasumoto et al., 4) ). The heat treatment might affect the lenthionine formation with enzyme reactions. These results suggested that the formation of lenthionine would occur during heating by hot air during spray drying of the extracted liquid.
Effects of heating temperature on production and degradation of lenthionine in extracted shiitake liquid
Since the retention of lenthionine during spray drying linearly increased with an increase in the inlet air temperature (Fig. 3) , it was thought that lenthionine would be highly influenced by the heat-treatment. Hence, the changes of concentration of the shiitake flavors were examined with the extracted liquid. Figure 4 shows the effects of heat-treatment at 80 C on concentration of shiitake flavors in extracted shiitake liquid. The ordinate gives the relative concentration of the flavors to initial flavor concentration, and the abscissa is the heat-treatment time of the flavors. As shown in Fig. 4 , the relative lenthionine concentration markedly increased during the initial period, but excessive heattreatment made the relative lenthionine concentration decrease gradually. The maximum relative lenthionine concentration reached up to 5.3 at 10 min. On the other hand, an increase in the relative concentration of the other flavors was less than 1.5 within 30 min of heating time. Because the concentration of 1,2,4-trithiolane and 1,2,4,5-tetrathiane did not increase with the heat-treatment of the extracted liquid. Therefore, the behavior of the lenthionine concentration was focused on the heattreatment. Bessho and Ikeda 17) reported that extracted shiitake liquid became stronger in flavor after heating. This might be due to an increase in the lenthionine concentration in the heated extracted liquid.
In order to investigate the formation kinetics of lenthionine during heating, the time course of the concentration of lenthionine during the heat-treatment was investigated at various temperatures. The effect of heating temperature during the heat-treatment of the extracted liquid on the lenthionine concentration is shown in Fig. 5 . The relative lenthionine concentration, C L , increased with the heating temperature above 50 C. When the extracted liquid was heated above 70 C, the maximum values of C L were obtained within 1800 s of heating time. Iwami et al., 5, 6) showed that, in the presence of pyridoxal phosphate, C-S lyase withstood heating for 1800 s at 50 C, and heat inactivation ofglutamyl-p-nitroanilide was prevented by a glutathione or a serine-borate mixture. Various kinds of compounds, such as carbohydrate, protein, polysaccharide, lipid, and organic acid, are contained in our experimental systems, and they might increase heat stabilization of the enzymes. The reaction model of lenthionine during the heat-treatment was suggested to get the optimum conditions of heat treatment. Assuming that the formation and degradation of lenthionine followed the kinetics of the consecutive unimolecular-type first order reaction, the formation and degradation rate constants can be determined by the following equation.
where C L0 is 1.0, an initial value of C L at t ¼ 0, C P0 an initial relative concentration of the precursor of lenthionine, t time, k 1 and k 2 are the formation and degradation C for various times, followed by a rapid cooling into an ice bath. rate constants, respectively. Heat treatment induced the heat denaturation of the enzymes, which related to the lenthionine formation. Therefore, k 1 is the apparent rate constant of lenthionine formation. The solid lines in Fig. 5 were calculated by Eq. 1 with C P0 ¼ 22:4, which was obtained to fit the experimental value with Eq. 1. The experimental values are well correlated with Eq. 1. As shown in Fig. 5 , the concentration of lenthionine in the extracted liquid (C L ) reached its maximum at a particular heating time depending on the heating temperature. The optimum time of heating decreased as the heating temperature increased. The optimum heating time, t opt , is an important parameter to obtain the maximum concentration of lenthionine, and was obtained by the differentiation of Eq. 1 as;
Arrhenius plots of k 1 and k 2 against the reciprocal of the heating temperatures are shown in Fig. 6 . The apparent activation energy of the lenthionine formation (E a1 ) and the activation energy of lenthionine degradation (E a2 ) were 147 and 137 kJ/mol, respectively.
Effect of heat-treatment of extracted liquid on retention of flavors during spray drying
The spray drying was done with the extracted shiitake liquid heated at 80 C for 600 s to examine the effect of heat-treatment of the feed liquid on the flavor retention and the content in spray-dried powder. The optimum heating time was obtained from Eq. 2. Table 1 summarizes the retentions and the relative flavor concentration ratios in the spray-dried powders. The relative flavor content indicates the ratio of the flavor content in the heat-treated feed liquid to that without heat-treatment. Using the heat-treated feed liquid, the relative flavor concentrations of lenthionine, 1,2,4-trithiolane, 1,2,4,5-tetrathiane, and 1,2,3,4-tetrathiane increased to 21.8, 1.11, 1.77, and 1.09 times compared with those without the heat-treatment, respectively. Among them, the relative flavor content of lenthionine significantly increased with the heat-treatment, while for other flavors a little effect was observed by the heat-treatment of the feed liquid. This might be due to the existence of different optimum heating times for each flavor. In Table 1 , the retentions of the flavors during spray drying were also listed. It was found that the heat-treatment of the feed liquid did not affect the retention of lenthionine markedly.
Effect of , , -CD and a mixture of -CD and MD as encapsulant on the flavor retention during spray drying An application of three kinds of CD as an encapsulant was examined to improve the flavor retention during spray drying. Table 2 shows the effects of the type of CD on flavor retention in spray-dried powder. The retentions of lenthionine in -, -, and -CD10% powder were 0.49, 0.14, and 0.27, respectively. -CD was suitable to make the spray-dried powder including lenthionine. Though CDs do not have film formation capability on a surface of a powder during drying, the retention of lenthionine in -CD10% powder was almost the same as that in MD30% powder. The highest retention in 1,2,4-trithiolane was also obtain with -CD.
On the other hand, a powdery encapsulation using -CD was most suitable for 1,2,4,5-tetrathiane and 1,2,3,4-tetrathiane. These results suggest that -CD might have a strong affinity with lenthionine. As shown in Table 2 , the retention of lenthionine in -CD10%/MD20% powder was 0.98. On the other hand, the retention of lenthionine in -CD10% and MD30% powders was 0.49 and 0.51, respectively. The retention of lenthionine markedly increased with the combined encapsulant. Similar results were observed in the other flavors. These results may be due to the effects of the complexation with CD and the effects of the film formation capability by MD. It was found that the combined encapsulant of -CD and MD made the flavors retentions increase markedly. -CD can encapsulate shiitake flavors of cyclic sulfer compounds. The encapsulation mechanism of these flavors is under investigation.
Conclusion
The heat-treatment of the extracted shiitake liquid at 80 C resulted in a 5.3-fold increase in the concentration of lenthionine in the feed solution, while the concentrations of the other flavors were only 1.4-1.5 times greater than their initial concentration. The formation of lenthionine by preheating could be described by the consecutive unimolecular-type first order reaction. The activation energies of the formation and degradation of lenthionine were 147 and 137 kJ/mol, respectively. The content of lenthionine in spray-dried powder prepared with the heat-treated feed liquid was about 25 times greater than that without the heat-treatment. -CD10%/ MD20% powder made the retention of all flavors increase markedly as compared with -CD10% or MD30% powder.
